Blood sedim entation: a study in haemo-mechanics E ry th ro c y te sed im en ta tio n is w idely u sed as a clinical in d ex in c e rta in diseases. I t is a m echanical te s t, b u t its m ech a n ics is n o t u n d e rsto o d . I n th e p re s e n t p a p e r, se d im e n ta tio n te s ts w ere carried o u t w ith c o n sta n t v o lu m es o f cells a t c o n sta n t te m p e ra tu re , a n d th e re le v a n t ph y sical q u a n titie s w ere m e a su re d a t th e sam e tim e . I t w as h o p e d th a t som e in sig h t in to th e o p erativ e m echanical law s m ig h t be o b ta in e d .
I t is show n th a t th e effect o f v a ria tio n s in th e specific g ra v ity o f p la sm a a n d o f re d cells is negligible, in th e e x p erim e n ts p e rfo rm e d : a n d t h a t w hile th e p la sm a v isco sity p la y s a re la tiv ely m in o r p a r t in th e se d im e n ta tio n m ech an ics, it also a c ts as a n in d ex o f a g g lu tin a tio n . I t follows t h a t a clinical te s t, co n sistin g o f th e m e a su re m e n t o f th e p la sm a k in e m a tic v isco sity , is possible.
I n t r o d u c t i o n
If a sample of freshly drawn blood be mixed with an anticoagulant and allowed to stand, the red cells gradually sink, leaving a clear fluid on top. Fahraeus (1921) found th a t the rate a t which the cells fall varies markedly in certain pathological conditions. This sedimentation rate has since been found to be a very useful clinical index in certain diseases. W hittington & Miller (1942) listed the physical variables to be measured during investigations of the mechanics of the test, and showed th a t the variable of p ara mount importance was the 'rouleau-aggregation' factor.
The physical mechanism of the aggregation of red blood cells appears to be im perfectly understood; but for the present purposes it will suffice to state th a t in the presence of an 'anticoagulant' the cells form rouleaux with contact only upon their broad surfaces, and th a t these rouleaux aggregate more or less loosely in networks of varying size.
When cells, washed free from their natural plasma, are suspended in saline they lose their power of aggregation, and in this state their sedimentation mechanics are considerably simplified (W hittington 1942) .
In whole-blood suspensions, such as are used in the clinical test, direct measure ment of the rouleau-aggregation factor presents many difficulties, but the concep tion of the 'effective-viscosity ra tio ' as a function of the agglutination pattern provides a solution to the problem.
Beginning with this conception, the present paper attem pts a partial mechanical analysis of the sedimentation of pathological whole-blood suspensions, dealing with 36 % suspensions of cells at 20° C.
[ 183 ] G = the 'gravity facto r' = Mechanically, the maximum sedimentation velocity is determined by the balance of the inertia and viscous forces on the cell aggregates. At this terminal velocity the acceleration is zero, so th a t the two forces can be equated.
The viscous drag a t the term inal velocity is given by the Newton equation and the inertia forces are given by Hence a t the terminal velocity
Since nothing is known of the shape of the rouleau aggregates, the ratio V/a is indeterminate; but postulating an equivalent sphere of the same drag coefficient, we may write F/o _ p .
So the drag coefficient is expressible in terms of a single linear parameter d, since all the other terms are measurable in the equation */r = ld(p'-p)lpV? or
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At the terminal velocity Reynolds's number is given by Re = vtdfv.
These are the true values of the drag coefficient and Reynolds number; but they remain indeterminate through the absence of direct measurement of d.
But assuming N =vjvs (the agglutination number) to be a function of the aggregate size and shape the derived quantities (replacing by may be w ritten
V^.v=

GN/Vf;
and the analogous quantity RN = vtNjvs.
N being measured in a suitable viscometer, ifrN and are fully determinate, and therefore they must lead to a solution for V , in terms of the measured variables. Since N, a pure number, has replaced the linear d in the original dimensionless groups, the solution will contain a function of a linear param eter associated with N.
E x p e r i m e n t s
In each experiment 16c.c. of freshly drawn blood were mixed with 4 c.c. of a 3*8 % aqueous solution of sodium citrate as anticoagulant. Great care was taken to keep the conditions of withdrawal and mixing of the blood as uniform as possible. (The samples were from patients in a Tuberculosis Sanatorium.)
The citrated blood was then centrifuged in graduated conical tubes for 45 min. at approx. 2400 r.p.m., along with a pair of haem atocrit tubes to give the packed cell volume of the specimen.
The blood in one conical tube was adjusted (by the addition or removal of plasma ) to give a resultant packed cell volume of 36 %. The reconstituted blood was agitated in a standardized manner and a sedimentation tube (1ml. W estergren pipette, 2-52 mm. mean diameter) set up in a w ater-bath at 20° C.
Two or three viscosity measurements were carried out on the reconstituted blood during the progress of the sedimentation. All these measurements were made at 20-0° C, the viscometer being water-jacketed.
Specific gravity measurements were carried out on the reconstituted blood and on the plasma. For this purpose special specific gravity bottles of capacity approx. 1 c.c. were used. They had previously been calibrated in terms of International critical tables densities against a series of pure organic liquids. The bottles were always filled at 20° C.
The viscometer, essentially of the Ostwald type, though modified into a U-tube form,* and of about 1-5 c.c. capacity, was likewise calibrated a t 20° in terms of I.C.T. kinematic viscosities against the same series of pure liquids, these being aniline, nitrobenzene, dimethylaniline and chloroform.
Finally, the kinematic viscosity of the citrated plasma was measured (at 20*0° C.). The sedimentation curves (fall of the upper cell boundary against time) were plotted and the maximum velocities computed. In the tables which follow, c.g.s. units are employed throughout. Table 1 
The apparent variations in red-cell density are largely due to inaccuracies in reconstituting the blood, and the mean value of 1-094 was used in calculating the derived quantities. Table 2 gives the values of the various derived quantities which are plotted in figure 1. The 'calculated N ' referred to in table 2 is derived from figure 2 which displays V t simply as a function of N . The quantities are also worked in terms of the mean value ' G' of the gravity factor. Figure 1 shows th a t what we may term the 'pseudo-Reynolds numbers', and give two straight lines when plotted logarithmically against the 'pseudo-drag coefficient'.
Clearly the lower line leads to a solution
V t = 6dG,N,vs,L),
where Li s a linear parameter, while the upper one gives
V t = d2{G,N,v,L).
Dimensional analysis shows the general form of the solutions: for if dimensional homogeneity requires th a t a = |(l+6); c = ^(l -26), giving solutions of the form \\ = (7J(1+6M(1-2b)(2VX)6.
(1)
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where L is about 2*6 x 10-2 cm. (6 in equation (1) = 11.)
The equation to the lower log line is approximately iM * * ')11'7 = 1>0 x lo4» leading to the solution Vt = G7l3(NL)6/vs1113, (3) where L is about 2-7 x 10-2 cm. (6 in equation (1) = 6.)
Equations (2) and (3) are alternative representations of the same phenomena and imply th a t the sedimentation velocity is substantially a function of N, the agglutin ation number, this, as a single variable, being raised to some power between 6 and 11. The param eter L probably has a value between 2-6 x 10~2 and 2-7 x 10-2 cm., and will be discussed later.
The existence of the two equations implies the existence of a function
and this function is tentatively displayed in figure 4 . Figure 2 shows V t in terms of N ,t he most probable §ivin« N " = 0-7591?:
R. B. Whittington Now the most difficult quantity to measure accurately is vs, the effective kine matic viscosity of suspension. Agglutination and packing are taking place during the measurements to varying extents. Accordingly, a calculated N was derived from figure 2, and the pseudo-Reynolds numbers and pseudo-drag coefficients were also worked in terms of this 'calculated N '.
In order to discover whether the experimental variations in were significant or largely due to experimental errors, the derived functions were also worked in terms of G, the mean value of the gravity term. The various arrangements of the derived quantities are shown in table 2 and plotted in figure 1 . Figure 3 shows values of tyVt calculated from equation ( corresponding experimental values, using the value G. We conclude th at the experimental variations in G are of little significance.
Unfortunately, though v is of universal application, vs is not, being to some extent a function of the particular viscometer employed, probably owing to the effect of the viscous shearing stresses on the elastic cell aggregates. Hence the values of N and of the parameter L in the present paper are to some extent typical of the viscometer employed.
I t is desirable, therefore, to define the viscometer used, in terms of the mean viscous shearing stresses on the cell aggregates.
Let K t be the time constant and T the time taken for the measured run, S. 
4^, additional experiments
The linear parameter L evaluated from equations (2) and (3) as about 0-026-0-027 cm. is of the same order as the radius of the capillary, 0-02 cm. This value was found for the latter by measuring and weighing columns of mercury in the capillary.
We have noted the existence of a function N = 03 (v) , while an analogous function V t= 6J(v) should likewise exist.
The former is tentatively exhibited in figure 4 , showing th a t plasma viscosity (v) may be used as an agglutinative index, and th a t the relationship is not unique, there being a number of possible values of v to give a single value of N ; though , on data so far available, the reverse relationship appears to be unique. Fahraeus (1921) found th a t the three protein fractions, albumen, fibrinogen and globulin, made differing contributions to the agglutinating power of the plasma; and since they doubtless make differing contributions to the kinematic viscosity it is reasonable to expect th a t any given value of N corresponds to a number of possible combinations of the protein fractions. where Li s a constant for the viscometer employed (0*026-0-027 cm. in the pres case), and N also probably depends to some extent upon the dimensions of the viscometer. The viscometer used has been defined as exerting a mean intensity of shearing stress upon the cell aggregates of 0*80 dynes/sq. cm. Experimental varia tions of G appear to be of no significance.
(3) The agglutinating power of the plasma can be demonstrated as a function of the kinematic viscosity of the plasma alone. The units of kinematic viscosity employed are cm.2/sec., derived from International Critical Tables of absolute viscosity and density, and are therefore of general application. Ultimately, there fore, the presence of the red blood cells can be dispensed with.
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